An Arthrobacter strain mineralized naphthalene and n-hexadecane dissolved in 2, 2,4,4,6,8,8-heptamethylnonane. The extent of mineralization increased with greater volumes of solvent. Measurements under aseptic conditions of the partitioning of naphthalene into the aqueous phase from the solid phase or from heptamethylnonane showed that the rates were rapid and did not limit mineralization. The rate of mineralization of hexadecane was rapid, although partitioning of the compound into aqueous solution was not detected. The Arthrobacter sp. grown in media with or without heptamethylnonane did not excrete products that increased the aqueous solubility of naphthalene and hexadecane. Measurements of the number of cells in the aqueous phase showed that the Arthrobacter sp. attached to the heptamethylnonane-water interface, but attachment was evident even without a substrate in the heptamethylnonane. Tests with small inocula of the Arthrobacter sp. demonstrated that at least a portion of naphthalene or hexadecane dissolved in heptamethylnonane was degraded by cells attached to the solvent-water interface. The cells did not adhere in the presence of 0.1% Triton X-100. The surfactant prevented mineralization of the hexadecane initially dissolved in heptamethylnonane, but it increased the rate and extent of mineralization of naphthalene initially dissolved in heptamethylnonane. The data show that organic solvents into which hydrophobic compounds partition affect the biodegradation of those compounds and that attachment of microorganisms to the organic solvent-water interface may be important in the transformation.
Toxic waste sites, industrial effluents, and natural waters into which petroleum has spilled contain nonaqueous, hydrophobic phases. These phases are composed of organic chemicals present at concentrations above their solubilities in water as well as chemicals of moderate aqueous solubility that partition into organic liquids. Organic solvents have been demonstrated to affect the leaching and sorption of hydrophobic chemicals (5, 12) , but the effects of such solvents on the means by which bacteria obtain the chemicals for degradation are poorly understood.
In the metabolism of sparingly soluble compounds, bacteria may utilize the chemical present in the aqueous phase, or they may assimilate the substrate only when in association with the insoluble phase of the chemical. Use of the compound by assimilation from the solution phase is dependent on chemical equilibria or the bacterial excretion of substances that increase dispersion of the compound. Naphthalene and bibenzyl (20) and phenanthrene (21) were found to be used by some bacteria only from the dissolved state. Dissolution rates have been hypothesized to limit the rates of bacterial mineralization of palmitic acid (19) and phenanthrene (17) . Alternatively, bacteria may excrete compounds that increase either the aqueous solubility of the substrate (3, 6) or the rate at which it partitions to the aqueous phase (17) . Furthermore, hydrophobic microorganisms or those with specialized cellular projections (9, 15) may utilize an insoluble compound by direct contact with it.
It has been suggested that bacterial adherence is required for growth on liquid hydrocarbons when emulsification of the substrate and cell densities are low (16) . Under similar conditions, bacteria capable of degrading substrates partitioned into a nonbiodegradable hydrocarbon solvent might * Corresponding author.
need to be attached to the organic solvent-water interface to utilize their substrates. The presence of an organic solvent would influence whether bacteria attach to the organicaqueous interface. Wodzinski and Larocca (22) have found that liquid but not solid diphenylmethane is used by cells of a Pseudomonas sp. at the aqueous-organic interface and that another strain of Pseudomonas utilizes naphthalene at the water-heptamethylnonane interface but not at the surface of naphthalene crystals.
Because of the ecological or toxicological importance of environmental pollution with sparingly soluble organic pollutants and the paucity of knowledge of how microorganisms assimilate many of these compounds, a study was conducted to assess the role of an organic solvent in determining the means by which bacteria degrade two hydrophobic substrates.
MATERIALS AND METHODS
Medium. The buffered inorganic salts solution used contained (per liter of deionized water) 900 mg of KH2PO4, 100 mg of K2HPO4, 100 mg of NH4NO3, 100 If the droplet had spread to cover the surface of the liquid, the needle was inserted while air was slowly expelled from the syringe. Needles were discarded before placing the sample into a scintillation vial. Distilled water (1.0 ml) and scintillation fluid (3.0 ml) were added to the 0.5-ml sample in each vial. Duplicate flasks were used for the measurements. Solubilization assay. To determine whether the bacterium produced surfactants that solubilized naphthalene or hexadecane, the organism was grown in 100 ml of medium in 250-ml Erlenmeyer flasks that were incubated at 23°C on a reciprocating shaker operating at 60 strokes per min. To measure the equilibrium concentration of the substrate, a 5.0-ml subsample of the culture fluid was passed through a 0.2-pum-pore-size Teflon syringe filter to remove the cells. The filtrate was added to a glass vial in tests of naphthalene solubilization or to a 50-ml Teflon centrifuge tube in tests of hexadecane solubilization. The glass vials contained 2.50 mg of naphthalene, including 100,000 dpm of the labeled compound. This amount of chemical is more than 15 times the amount potentially in solution at saturation. Samples of uninoculated inorganic salts solution also were shaken with excess naphthalene. The vials were shaken at 29°C on a rotary shaker operating at 120 rpm for 60 h. The samples were then allowed to stand at 22°C for 3 h. The solid naphthalene was removed by filtration through Teflon syringe filters, and the radioactivity in the filtrate was counted to determine the amount of naphthalene in the solution.
The filtrate from hexadecane-grown cultures was added to centrifuge tubes with 235 ng of hexadecane (containing 111,000 dpm of the labeled compound), which is more than 47 times the amount potentially dissolved in distilled water. Tubes containing the culture filtrates and inorganic salts solution with 0, 0.0001, 0.001, 0.01, or 0.1% Triton X-100 were shaken for 16 to 24 h at 29°C on a rotary shaker operating at 140 rpm. The samples were then centrifuged at about 7,700 x g at 20°C for 20 min. Because nonsolubilized hexadecane was expected to rise to the surface, 1.0-ml portions of the surface liquid in the centrifuge tube were removed to avoid contamination of the underlying liquid. The radioactivity then was counted by using two 1.0-ml samples from each centrifuge tube. unlabeled substrate, and 2 ,uCi of "4C-labeled naphthalene.
The cells incorporated '4C from the labeled naphthalene as they grew. They were subsequently harvested and washed. A factor for converting radioactivity to cell numbers was determined by plate counting of the inoculum and simultaneously measuring the radioactivity of the inoculum.
RESULTS
Characterization of the isolate. The naphthalene-utilizing isolate forms long and short rods during the early stages of growth and cocci during the stationary phase. (Fig. 2) . The decrease in concentration in the aqueous phase with time in uninoculated flasks probably reflects volatility of the compound. The rate of movement of the compound to the aqueous phase was slower when the chemical was initially dissolved in heptamethylnonane than when only solid naphthalene was present. Nevertheless, the slowest partitioning rate, which was evident in flasks containing 250 ,u1 of solvent, was more rapid than the mineralization rate. Thus, the metabolism of naphthalene was not limited by the rate of movement of the compound from the solid or organic-solvent phase to the aqueous phase.
The partitioning of n-hexadecane to the aqueous phase could not be detected, presumably because its solubility in water, less than 1 ng/ml (4, 18) , was below the sensitivity of the method of measurement. Therefore, the mineralization rates shown in Fig. 1B (14) .
The ability of the Arthrobacter sp. to excrete products solubilizing hexadecane when the bacterium was grown on hexadecane was also tested. Media containing 10 ,ug of hexadecane per ml with or without heptamethylnonane were inoculated with 4.8 x 105 or 4.8 x 107 cells per ml. Samples of culture fluid were taken at 4.5, 16.5, 30, and 44 h; the cells were removed by filtration; and the solubility of hexadecane in the filtrate was determined. The values for the solubilities of hexadecane in filtrates taken at all culture ages were less than 0.2 ng/ml, except for one anomalous value of 0.63 ng/ml. The values of less than 0.2 ng/ml are much lower than the solubility of hexadecane even in uninoculated inorganic salts solutions, namely, 1.6 + 1.3 ng/ml. Hexadecane solubility in distilled water at 25°C is reported to be 0.9 ng/ml (18) and 0.02 ng/ml (4 (Fig. 3B ). When the substrate was naphthalene dissolved in heptamethylnonane and 1.9 x 106 cells were added per ml, the cell density also decreased with time (Fig.  3C) . In cultures without heptamethylnonane, approximately 3.7 x 10' cells of the Arthrobacter sp. per ml of solution appeared in the aqueous phase during the mineralization of 10 p.g of naphthalene per ml of solution. With heptamethylnonane present, the density of cells in the aqueous phase after 50 to 60 h was about 1 order of magnitude lower. During the mineralization of hexadecane, the cell density was up to 2 orders of magnitude lower than that noted during the mineralization of soluble naphthalene.
Prevention of adherence. Triton X-100 was not toxic to the Arthrobacter sp. at the experimental concentration. To determine whether Triton X-100 could remove cells adhering to the heptamethylnonane-water interface, 25 ,u1 of Triton X-100 was added to separatory funnels containing 25 ml of Arthrobacter sp. cultures that had been growing for about 5 h on 1 ,ug of naphthalene per ml of water. The substrate was initially dissolved in 250 ,ul of heptamethylnonane. Counts of cells in the aqueous phase prior to and after the addition of Triton X-100 showed that the number of Arthrobacter sp. cells in the aqueous phase increased following addition of Triton X-100. Thus, the counts before and after addition of the surfactant were (1. Because Triton X-100 appeared to remove cells of the Arthrobacter sp. attached to the heptamethylnonane-water interface, it also might prevent the bacterium from adhering to the interface. An experiment was thus conducted in which Triton X-100 (1 ,ul/ml of water) was added to flasks containing 10 ,ug of hexadecane or naphthalene per ml of water. The flasks were inoculated with 4.2 x 107 cells per ml. The substrates were initially dissolved in 250 ,ul of heptamethylnonane. The mineralization of hexadecane was rapid in the absence of the surfactant (Fig. 4A) . Almost 30% of the substrate was mineralized. However, hexadecane added in heptamethylnonane was not mineralized if 0.1% Triton X-100 was present. Small droplets appeared within 30 min in inoculated or uninoculated flasks shaken with the substrate dissolved in heptamethylnonane, Triton X-100, and the Arthrobacter sp. At 26 h, the water phase in uninoculated flasks contained up to 700 ng of dispersed hexadecane per ml, which was measured by inserting a needle below the heptamethylnonane slick. Many droplets were probably of solubilized size. The amount of heptamethylnonane dispersed with the hexadecane was not determined. During the mineralization of hexadecane dissolved in heptamethylnonane in the absence of 0.1% Triton X-100, the number of Arthrobacter sp. cells in the aqueous phase decreased from 4.2 x 107 to approximately 2.0 x 107 cells per ml (Fig. 4B ).
In the presence of Triton X-100, however, the population density after 15 h, and possibly even earlier, was essentially the same as at 0 h. Statistical analysis indicated that the averages of the counts after 15 h were significantly different in the presence and absence of Triton X-100 (P < 0.05).
A study was also conducted to assess the effect of Triton X-100 on the mineralization of naphthalene initially dissolved in heptamethylnonane. The substrate was present in concentrations equivalent to 10 ,ug/ml of water. Triton X-100 enhanced the rate and extent of mineralization of naphthalene by the Arthrobacter sp. (Fig. SA) . This contrasts with the influence of the surfactant on the mineralization of hexadecane. The rapid mineralization of naphthalene in the presence of the surfactant shows that Triton X-100 was not toxic to the Arthrobacter sp. The recovery of 14C at 71 h was 69 and 71% for naphthalene-degrading cultures without and with Triton X-100, respectively.
The numbers of Arthrobacter cells in the aqueous phase decreased from 4.2 x 107 to approximately 1.8 x 107/ml during the degradation of naphthalene in media without Triton X-100 (Fig. SB) was dissolved would influence bacterial utilization of the test compound, di(2-ethylhexyl) phthalate also was used as a solvent for n-hexadecane. Mineralization of 250 ,ug of hexadecane dissolved in 250 pl of either di(2-ethylhexyl) phthalate or heptamethylnonane was measured in media inoculated with 1.2 x 107 Arthrobacter sp. cells per ml. The results are shown in Fig. 6 . A one-tailed t test of the means of CO2 formation showed that the extent of mineralization of hexadecane at all times from 12.1 to 38.1 h was greater when the compound was initially dissolved in the phthalate (P < 0.05). The amount of hexadecane that partitioned in 32 h from di (2-ethylhexyl) (11, 16) , but few studies have dealt with the altered availability of substrates more soluble in the aqueous phase when the compound preferentially partitions into an organic solvent. The organic solvent provides an interface to which the population of bacteria may attach, and at least part of the mineralization of naphthalene noted in this study was brought about by cells located at the solvent-water interface. It is uncertain whether the bacteria used naphthalene from the organic solvent phase, the water phase, or both. Wodzinski and Larocca (22) tamethylnonane. The surfactant prevented adherence of most of the bacteria to the heptamethylnonane-water interface and hence prevented direct contact of the cells with hexadecane. In support of this view are the findings that the number of bacteria in the aqueous phase decreased just prior to the rapid phase of mineralization in the absence of Triton X-100, whereas with the surfactant present, the number of bacteria in the aqueous phase remained essentially constant. In addition to altering the solvent-water interface, Triton X-100 may act by some effect on cell membranes (2). The Arthrobacter sp. apparently could not use hexadecane in heptamethylnonane that was solubilized by Triton X-100. Because of its relatively high partitioning into water, naphthalene was available in the aqueous phase as well as in the solvent phase. This may be the basis for the different effect of the surfactant on mineralization of naphthalene. Triton X-100 increased both the rate and extent of mineralization of naphthalene that had initially been dissolved in heptamethylnonane. Although the cells presumably were prevented from adhering to the solvent-water interface in the presence of the surfactant, sufficient naphthalene was present in aqueous solution not to limit degradation. The Arthrobacter sp., when not attached to the interface, probably was free of the spatial and nutrient limitations that may be associated with the solvent-water interface so that mineralization was enhanced.
Surfactants are often used to increase dispersion of oil following spills in marine waters. If the components of the oil that are of greatest ecological concern require that bacteria adhere prior to biodegradation, the use of surfactants at the site may be detrimental. Surfactants may prevent the adherence of microorganisms and consequently may prevent biodegradation of certain constituents of oil.
